Estuarine clams Scrobicularia plana were sampled from 108 intertidal locations around the English Channel and adjacent areas. Although S. plana is believed to be a strict gonochorist, 58% of the populations sampled included intersexed individuals (described as male clams exhibiting ovotestis).
1.

Introduction Intersex
In gonochoristic (dioecious) organisms, intersex is defined as the abnormal condition of being intermediate between male and female sexes, a hermaphrodite. In recent decades the phenomenon of intersex has been used as a biological indicator of the impact of endocrine disrupting chemicals (EDC) in aquatic environments. The occurrence of oocytes within testicular tissue (ovotestis) of male gonochorists is one example of the intersex condition and has been reported across several classes of aquatic vertebrates (notably fish and amphibians) and also within several invertebrate phyla, where functional hermaphrodites are not known to occur, or are extremely rare. Other biological endpoints for EDCs have also been employed, including induction of the egg yolk precursor vitellogenin in male individuals, or genital malformations (notably imposex in female dogwhelks). Arguably however, it is the simple endpoints, such as ovotestis or imposex, which are the most valuable and cost-effective to apply within large-scale assessments over a broad geographical area.
The estuarine clam Scrobicularia plana (Da Costa 1778) is a common euryhaline intertidal species
that is widely distributed in estuarine muddy sediments from the Norwegian and Baltic Seas south to Senegal (Santos et al., 2011 , Tebble, 1976 . It is predominantly a deposit-feeder, but may also feed on suspended material (Hughes, 1969 , Kennedy, 1993 and forms an important component of the diets of estuarine birds and fish (Hughes, 1970 , Martins et al., 2013 , Moreira, 1994 , Moreira, 1995 , Wanink & Zwarts, 1996 , Wouters & Cabral, 2009 ). Since estuarine sediments act to sequester and concentrate aquatic contaminants, and act as longer-term reservoirs of pollutants, deposit-feeding organisms such as Scrobicularia plana are also useful biomonitors to assess estuarine pollution and biological effects (Boldina-Cosqueric et al., 2010 , Bryan & Hummerstone, 1978 marine molluscs and related to north-south temperature gradients and likely success in settlement and survival of offspring (Bowman & Lewis, 1986 , Kendall & Lewis, 1986 , Lewis, 1986 , Orton, 1920 .
Intersex in Scrobicularia plana was first reported in a population from the Avon Estuary, South Devon, UK (Chesman & Langston, 2006) where the intersex condition was described as feminization of male individuals and a scoring index was presented to categorize the severity of the intersex conditionfrom the occurrence of single oocytes in otherwise normal testicular tissue, through to largely mature ovarian tissue containing small amounts of abnormal testicular tissue. Subsequently, intersex has also been reported in Scrobicularia plana from Mweeloon Bay, Galway (Raleigh & Keegan, 2006) ; the Guadiana Estuary, Portugal (Gomes et al., 2009 ); and 13 estuaries in NW France (Tankoua et al., 2012) .
Intersex has also been reported in other gonochoristic bivalve species: Low levels of hermaphroditism (ovotestis) have been recorded in the mussel Perumytilus purpuratus from Argentina (Montenegro Villalobos et al., 2010) and in the razor clam Tagelus plebius and Giant Coquina Iphigena brasiliana from Brazil (Ceuta et al., 2007) . Low incidences of ovotestis (<1.5%) were also reported in two species of Anadara (Bivalvia: Arcidae) from Indonesia, but in these instances, both species were found to be sequential protandric hermaphrodites, changing from males to females as size/age increased (Afiati, 2007) . Similarly, two individuals out of a total of 150 Ruditapes decussatus (L.) from the Galician coast (Spain) displayed ovotestis and were suggested to be cases of consecutive hermaphroditism in this species which is considered to be strictly gonochoristic (Delgado & Camacho, 2002 ). However, in situ studies of Ruditapes decussatus and Cerastoderma glaucum from areas receiving effluent from waste water treatment plants within the Gulf of Gabès (Tunisia) showed 'many cases of hermaphrodite clams' (Hamza-Chaffai, 2013) although the author does not specify the proportion.
The aim of the current study was to assess the occurrence and extent of intersex (ovotestis) in the estuarine clam Scrobicularia plana within the English Channel and adjacent coastal areas.
Materials and Methods
In total, over 3000 adult clams were collected from 108 intertidal locations along the English Channel coast and neighbouring areas (Table 1) plana for determination of intersex was restricted to this period (approximately late-June to midAugust) since this represents the peak of gonad development in the region (Langston et al., 2007) .
Wherever possible, at least 30 clams were collected by hand, or by digging with a fork, at each of the field locations, using the characteristic star-shaped marks or siphon holes on the sediment surface as a guide to location. Previous studies (Langston et al., 2007) have shown that a sample of 30 individuals is adequate for determination of gender, intersex and M:F sex ratio, yet remains achievable at most sites and avoids unnecessary oversampling. S. plana reaches sexual maturity around 2 to 3 years after settlement, by which time shell lengths are >20mm. Ideally, samples comprising individuals of approximately 40mm shell length were preferred, although ultimately, size depended on the composition of the local population at each site. All field samples were mixed sex samples since there is no external distinction between the sexes. All clams were retained in a small amount of native sediment in polythene bags and kept cool in insulated containers for transport to the MBA laboratory. Some French samples were sent to MBA in insulated containers via 24 hour courier.
Once in the laboratory all clams were rinsed of adhering sediment and placed in tanks of diluted seawater (50:50 mixture of offshore seawater and tap water) for 2 days to enable depuration of ingested particulate material. Once depurated, individual clams were measured (maximum shell length) and weighed (whole including shell) before opening by carefully cutting both adductor muscles, thus exposing the soft tissue and allowing the gonad to be excised. Gonad tissue was carefully removed and placed on a microscope slide under a 22 x 22mm coverslip in a 'squash' preparation for examination under a light microscope to determine gender, development stage, and any anomalies such as intersex and/or parasitism (Chesman & Langston, 2006) . The Chi-squared test was performed on data for gender in order to determine any significant departures from unity in the sex ratio (M:F ratio) of each sample. In preparations where intersex was present, the degree of ovotestis was categorized on a scale 1 to 6, based on the number and distribution pattern of oocytes (Chesman & Langston, 2006) . Despite the desire to collect individuals of similar size (approx. 40mm) within all samples, this was not always possible due to the size distribution of the populations at each site. Preliminary analyses of individual clam size and weight data revealed that although the data were homoscedastic (Bartlett's test), significant departures from normality were indicated by commonly used tests (Anderson-Darling, Ryan-Joiner and Shapiro-Wilks). However, these normality tests are highly sensitive to even minor departures from normality when sample sizes are large (as is the case here) and should therefore be interpreted with caution and used alongside other assessments of normality (frequency distribution, probability distribution of residuals) when used as justification for using or not using parametric tests (Ahad et al., 2011) . Size distributions for male, female and intersex clams are shown in Figure 4 and are clearly very near-normal. Since analysis of variance (ANOVA) is inherently robust to moderate deviations from normality, and since the data were homoscedastic, we therefore feel justified in employing ANOVA to compare the mean sizes of clams sampled across all 108 sites. Results are shown in Table 2 and reveal that there were significant differences in the mean sizes of clams (Table 3) it was apparent that there were no significant differences between the mean lengths or weights of male (38.34mm, 8.37g) and female (38.58mm, 8.50g) clams, but intersexed clams (37.41mm, 7.33g) were, on average, slightly smaller than females, but not males (length: P=0.037; weight: P=0.003 ANOVA). Essentially therefore, there was no overall difference in the mean length, nor weight, of intersexed and normal male clams.
Results
The male:female ratios of samples collected at each site were tested (Chi-squared) to determine whether the ratio showed significant departure from unity. In this context the 'male' proportion included both normal and intersexed males. Taking all sites into consideration the overall mean M:F ratio was 1.007, indicating approximately equal numbers of males and females in adult populations of S. plana sampled within the Channel region ( Figure 6 ). However, at some sites, significant departures Table 4 and results are summarised in Figure 7 . The resultant value of Chi-squared (1115.25) was significantly greater than the critical value (P<0.001) indicating that there were differences in infestation between female, male and intersexed clams. Female clams were consistently the least parasitized with <22% of females containing parasites of any kind. Table 4 shows that observed numbers of non-parasitized females were much higher than expected values, and that infestation with ciliates and Trichodina were lower than expected if no association had occurred. In contrast, male clams were the most commonly parasitized with an infestation rate >75%, including higher incidence of parasitism by ciliates and Trichodina. Infestation by trematodes and other parasites showed minor contribution to the overall value of Chi-squared, with little difference between observed and expected values indicating very limited differences between sexes for these categories. Notably, intersexed 'male' clams were much less frequently infested by parasites (26%) than normal males and showed an overall pattern of infestation more similar to that of females (Figure 7 ).
Discussion
The present study represents one of the most widespread and extensive investigations of disrupted sexual development in an estuarine bivalve species. Although Scrobicularia plana is considered to be gonochoristic (Hughes, 1971 , Rodriguez-Rua et al., 2003 , Sola, 1997 The present study also showed that the majority of cases of intersex encountered were of low severity: 'focal' (Stage 1); 'diffuse' or 'cluster' (Stages 2 or 3 respectively) using the severity scoring index (Chesman & Langston, 2006) . Higher levels of feminisation were occasionally encountered (Stages 4 to 6) but were relatively uncommon. However, there appears to be no simple association between the incidence of intersex (% of males affected) and the severity of the condition; a feature that has been noted previously (Tankoua et al., 2012) . Several estuarine areas were extensively impacted through either high incidence or severity of ovotestis. Sites within the Severn, Camel, Besides variations in the incidence and severity of intersex, significant shifts in sex ratios were observed in clam populations at some sites. Samples from 9 sites were significantly female-biased, although only 4 of these samples included intersexed individuals. Furthermore, only one of the intersexed samples included severely affected (Stage 5 and 6) individuals, where it may have been possible to assess highly affected males as 'females', thus wrongly skewing the M:F ratio. Therefore it appears unlikely that female-biased populations are the result of erroneous assessment, but neither do they correlate with the incidence of intersex. Two examples of significant female bias in samples of Scrobicularia plana were noted in previous studies (Tankoua et al., 2012) together with one instance of a male-biased sample, a feature that was believed to have previously been unreported. However, our results from the present study also show significantly male-biased samples from 6 locations.
Reasons for male-bias are uncertain, since these affected locations were widely dispersed and very different in character from small rural sites to industrialised port areas. However, it is interesting to speculate that some locations with male-biased samples were located within areas known to be affected by TBT contamination (Tamar and Southampton estuaries).
The overall picture from the present study is therefore one of widespread occurrence of intersexuality in Scrobicularia plana from the Channel region and adjacent areas, although the detailed nature of incidence, severity and sex-ratio perturbations appears complex and irregular. The occurrence of intersex does not appear to be related to the size of adult clams, or to the presence of internal parasitic organisms. Evidence from non-intersexed populations suggests that strict gonochorism is probably the natural condition for Scrobicularia plana and the absence of sex-related differences in the sizes of individuals suggests that protandry or protogyny are not reproductive strategies for this species.
Previous studies have linked intersex in molluscs to a wide range of endocrine disrupting chemicals et al., 2007 et al., , Servos, 1999 and metals (Ali et al., 2010 , Ju et al., 2009 , Ketata et al., 2007 , Pastorinho et al., 2009 , Sieratowicz et al., 2011 . However, although invertebrates including molluscs may contain and respond to vertebrate-type hormones and their analogues (Croll & Wang, 2007 , Ketata et al., 2008 , it has been argued that molluscs do not have the capability to synthesise the complete steroid hormone system as vertebrates and that the evidence for the presence of functional steroid receptors in molluscs is weak such that the detailed mechanisms of EDC action in molluscs remains uncertain (Fernandes et al., 2011 , Scott, 2012 , Scott, 2013 . Recent transcriptomic studies have investigated gene regulation in intersexed and normal clams indicating that transcripts involved with testicular development energy production/transfer, intracellular signalling pathways and egg yolk precursor protein are significantly differentially regulated at selected sites with varying intersex incidence and contaminant burdens (Ciocan et al., this volume).
The latter study has suggested that sex ratios were correlated with oestrogenic activity, as opposed to anti-androgenic activity, of sediments. However, the mechanistics of EDC impact in molluscs remains an area where more research effort is required.
Besides exposure to STW effluents and generalised estuarine pollution, endocrine disruption in a range of species has been reported to be associated with agriculture ( Table 1 ). 
